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THE most popular current approach to the identification and study of adrenergic receptor sites is to examine the binding of radioactive ligands to a tissue membrane preparation containing receptors (Williams and Lefkowitz, 1978) . However, binding data measured from radioactive ligand studies cannot appropriately be extrapolated to the working heart in vivo, because of the presence of a substantial capillary barrier for catecholamines, retarding their equilibration between the plasma and interstitial spaces, and an efficient uptake by the sympathetic fibers in the interstitial space (Cousineau et al., 1980) . These two mechanisms (the barrier and the uptake mechanism beyond it) result in a situation in which the concentrations of catecholamines in the interstitial space of the heart can be relatively independent of the levels circulating in the vascular compartment (Cousineau et al., 1980 ). An in vivo approach which bypasses this problem is needed. Biochemical techniques which necessitate the destruction of the capillary and sympathetic nerve membranes cannot be utilized to examine adrenergic binding sites in the working heart.
It appears to us that the adrenergic receptors can be characterized in vivo. We have recently developed in our laboratory an approach in which analysis of multiple indicator dilution data has enabled us to assess the myocardial capillary permeability to norepinephrine, the unidirectional rate of uptake of tracer norepinephrine by the interstitial sympathetic fibers, and the ratio of the interstitial space size available for tracer norepinephrine to that for sucrose. The space ratio for the tracer norepinephrine was found to be always greater than one. The tracer norepinephrine appeared to be occupying binding sites in the interstitial space and with this, had an apparent volume of distribution larger than that available to sucrose. We suggested that the additional binding sites could be adrenergic receptors. Desmethylimipramine, an inhibitor of the uptake of catecholamines by sympathetic fibers (Hertting et al., 1961) , was found to lower the space ratio value, and we proposed that the observation could be understood if the decreased neuronal uptake of norepinephrine was followed by a steady state interstitial accumulation of endogenous norepinephrine, which caused a greater occupation of adrenergic receptor sites and a reduction in the number of binding sites available to tracer (Cousineau et al., 1980) . In order to establish that the ratio (norepinephrine extravascular space:sucrose extravascular space) provides a reflection of the degree of saturation of physiologically relevant adrenergic receptor sites in the heart, we measured aortic and coronary sinus norepinephrine levels at the same time as we determined the norepinephrine:sucrose space ratio with the multiple indicator dilution technique.
When circulating norepinephrine plasma levels are gimilar in the aorta and the coronary sinus, no net extraction will be taking place along the myocardial capillaries, and the vascular and interstitial levels of the hormone will necessarily be the same, from capillary entrance to exit. Under these conditions, circulating norepinephrine values directly reflect levels in the interstitial space and the measured value for the space ratio can be directly related to the plasma values. The tracer norepinephrinetsucrose space ratio values were then found to diminish with increase in the levels of plasma norepinephrine, apparently due to a progressively greater occupancy of adrenergic receptors by the endogenous norepinephrine. At very high levels of circulating norepinephrine, which resulted in intense cardiac sympathetic stimulation, the space ratio approached unity. Changes in cardiac sympathetic functions were found to correlate closely with changes in the tracer norepinephrine: sucrose space ratio. The findings and their correlation with appropriate physiological indices of cardiac sympathetic activity strongly suggest that the space ratio in the working heart, measured with the indicator dilution technique, represents an index of the occupancy of adrenergic receptor sites.
Methods
The main stem or circumflex branch of the coronary artery of a pentobarbital-anesthetized mongrel dog was catheterized via a carotid artery under fluoroscopy with an angiographic catheter. The coronary sinus was catheterized via the right jugular vein. The heart rate and aortic blood pressure were monitored continuously.
The materials to be injected were made up as follows: 6 ml of the injection mixture, adjusted to the same hematocrit as that of the dog, contained 0.05 mCi '^-labeled albumin (Charles E. Frosst), a reference substance that does not Leave the coronary circulation within a single passage (Ziegler and Goresky, 1971a) ; 0.1 mCi sucrose [ U C{U)~\ (New England Nuclear), a diffusible substance which leaves the circulation to enter the extracellular space during its passage through the heart; and 0.2 mCi D,L-norepinephrine H(N)] (specific activity 15.2 Ci/mmol) (New England Nuclear). When the preparation was in a steady state, 0.75 ml of the mixture was rapidly flushed through the input catheter. Simultaneously a collection rack was started and samples were collected from the coronary sinus at a rate of 1 to 1.50 samples/sec. Immediately following the experimental run, 3 ml of blood were simultaneously sampled from aorta and coronary sinus, for the measurement of circulating catecholamines.
Baseline studies with ^H-labeled norepinephrine were carried out in a group of 14 dogs after the injection of 5 ml of saline in a peripheral vein. In a second group of 12 animals, desmethyUmipramine, a compound known to inhibit the in vitro uptake of norepinephrine (Hertting et al., 1961) , was given in a dose of 1 mg/kg 20 minutes prior to a norepinephrine study. In a third group of animals, 0.5 mg of tyramine, a drug which releases norepinephrine from peripheral sympathetic fibers (Chidsey et al., 1962) was injected directly into the coronary artery via the catheter, 1 minute before the experimental run. These intracoronary injections of tyramine were accompanied by an immediate and important increase in heart rate, due to a local release of norepinephrine in the heart.
A volume of 0.1 ml from each heparinized blood sample was diluted in 1.5 ml of saline, pipetted into a counting tube, and assayed for radioactivity in a y ray spectrometer set for the photopeak characteristic of 12S I. The proteins then were precipitated with 0.2 ml of trichloroacetic acid, and 0.2 ml of the supernatant fluid was pipetted into a scintillation cocktail and assayed for [< C and 3 H activity in a liquid scintillation counter. Samples from the injection mixture and cross-over standards were treated identically. To normalize the activity resulting from each of the tracers with respect to the others, we divided the activity of each by the total activity injected for that species. The resulting value is a fraction of the total injected per milliliter of venous blood.
For the determination of the catecholamine levels, 3 ml of blood were transferred to ice-cold tubes that contained glutathione and EGTA, as described by Peuler and Johnson (1977) . Norepinephrine and epinephrine levels were determined in duplicate in 50 fil of plasma by the radioenzymatic method outlined by these authors, with only minor modification (Cat-a-kit, UpJohn). Catecholamine levels were not obtained in earlier experiments. Despite lack of these, the whole data set was examined, to find systematic correlations between hemodynamic parameters and tracer studies.
Analysis of Data
Normalized coronary sinus outflow curves for the three tracers before and after tyramine are shown in Figure 1 . The relationships between the curves can be interpreted qualitatively in the following way. Labeled albumin, the intravascular reference substance, occupies the plasma space in blood and does not leave the capillary to any significant degree during a single passage. Its outflow pattern is shaped solely by the distribution of transit times in the large or non-exchanging vessels and the capillaries of exchanging vessels. Sucrose occupies a space in plasma identical to the labeled albumin but permeates the capillary barrier via aqueous channels, to enter the interstitial space. In the early samples the sucrose curve is reduced in relation to the albumin curve because of this loss (the remaining sucrose, the throughput component, traverses the capillaries without leaving) and then, later in time, after most of the albumin haa left the capillary, the outflow fraction per milliliter for sucrose rises above that for albumin (as the sucrose which has left the capillary returns and flow carries it to the outflow). If the collection were carried out for a long time, all of the sucrose would be recovered at the outflow. Labeled norepinephrine is handled in similar fashion at the capillary surface, but the removal and concentration of tracer by the sympathetic nerve fibers in the interstitial space, which run parallel to the capillaries, reduces the returning component. Our previous observations indicate that, because of the presence of adrenergic binding sites, tracer norepinephrine ocupies a larger space than sucrose in the interstitial compartment. The increased space size will delay return of tracer to the capillary and, with the longer time of exposure, increase its uptake. Thus the proportion of tracer norepinephrine present in the interstitial space at any one time will be affected by the capillary permeability, the size of the available interstitial space, and the neuronal uptake. Following the injection of tyramine, unlabeled norepinephrine released by the peripheral sympathetic fibers in the interstitial space of the heart will be expected to occupy the adrenergic binding sites, reducing the availability of these to tracer norepinephrine, and decreasing the interstitial space accessible to this hormone. In a comparative sense, the proportion of tracer norepinephrine in the interstitial space will be expected to be reduced, at any given time. The return to the capillary will therefore increase, because both the accessible interstitial space and the time of exposure to neuronal uptake are diminished, and an increase in the tailing of the curve, late in time, will be expected.
Starting from qualitative considerations of this sort, we have recently shown (Cousineau et al., 1980 ) that a model incorporating bidirectional transfer at the capillary, with essentially unidirectional adrenergic neuronal removal of tracer from the interstitial space, provides an appropriate description of tracer norepinephrine multiple indicator dilution data. It is the highly concentrative nature of the neuronal uptake process which allows one to assume that neuronal tracer uptake is essentially unidirectional over the time of a single passage. This modeling is essentially identical to that previously developed to describe labeled rubidium uptake by the heart (Ziegler and Goresky, 1971b) and by the liver (Goresky et al., 1973) . We assume plug flow in the capillary, dimensions, and flows such that the radial gradient in the interstitial space is negligible, and negligible longitudinal diffusion (Goresky et al., 1970) . Rose and Goresky (1976) have shown that, in addition, the analysis of the relation between the labeled albumin and labeled sucrose curves is complete only if parameters are derived that adequately describe the distribution of capillary transit times in the coronary circulation (it is possible to do this because capillary exchange occurs only during time spent in the capillary). With this approach, it is then possible to synthesize, from the reference tracer albumin curve, whole organ outflow dilution curves for the exchanging sucrose tracer. The parameters in the physical model of the capillary-tissue exchange process can then be optimized, by seeking the closest possible fit to the experimental sucrose outflow curve. With these parameters, the norepinephrine curve can then also be synthesized and the parameters characterizing this (which include an estimate of the interstitial space for norepinephrine and of the rate constant for the neuronal uptake process) can also be optimized. To decrease the computing time required for optimization, we have utilized a recently developed frequency-domain approach . The parameters optimized in the whole organ model (Rose et al., 1977) are the following. II. for norepinephrine k c = the capillary permeability surface product per unit interstitial space for the tracer norepinephrine, yNE/ysiKTose = the ratio of the interstitial space size for norepinephrine to that for sucrose, and k n = the rate constant for unidirectional uptake of norepinephrine by nerve fibers per unit interstitial space (sec" 1 ) The model does not permit an estimate of absolute interstitial space size but, once both the sucrose and norepinephrine curves have been fitted, the relative space of distribution for norepinephrine can be determined. When this ratio is not unity (as is the case here), then if the parameters k c (the norepinephrine permeability surface product per unit interstitial space for norepinephrine) and k n (the rate constant for unidirectional neuronal uptake) are multiplied by this ratio, the two parameters will be normalized in terms of the sucrose interstitial space size and can be compared directly with k, (the sucrose capillary permeability surface product per unit sucrose interstitial space). The normalized values will be presented in the tables. The recovery of the norepinephrine tracer is always less than complete. Reported tracer extractions are calculated on the basis of the relative proportion of the norepinephrine label not recovered. The values correspond to the steady state extraction expected for labeled norepinephrine in the absence of reflux of tracer from the nerve fiber.
For statistical evaluation, regression analysis and Student's t-test were used. Figure 1 shows normalized outflow dilution curves from a set of norepinephrine studies carried out before and after the administration of tyramine. In each instance, the upslope and peak extractions for labeled norepinephrine are larger than those for sucrose indicating that the permeability of the capillary barrier for norepinephrine is greater than that for sucrose. Following tyramine, there is an increase in the tailing of the norepinephrine curve late in time, indicating an increased return to the circulation of tracer which has entered the interstitial space. The dashed lines indicate the optimized model approximations to both the labeled sucrose and norepinephrine curves, before and after tyramine.
Results
In Figure 2 , the throughput and returning components of the tracer norepinephrine curves are illustrated. Although the throughput or first component is relatively unchanged, the returning or second component is higher in magnitude, earlier in time, after tyramine administration. Analysis of these experiments indicates that the larger and earlier return after tyramine occurs because of a decrease in the relative size of the interstitial space accessible to tracer norepinephrine. The question that arises is whether the decrease in the space accessible to tracer norepinephrine is related systematically to those physiological parameters indicative of sympathetic activation and to measured levels of plasma norepinephrine.
For the three groups of dogs receiving saline, desmethylimipramine, or tyramine, the mean values of the hemodynamic parameters pertaining to systemic cardiac functions are given in Table 1 . For the two groups of dogs receiving desmethylimipramine and tyramine, a' and b', the parameters which describe the heterogeneity of capillary transit times and k s , the sucrose capillary permeability surface product per unit interstitial space for sucrose, were not significantly different from those in the control group but <f >, the plasma flow per unit interstitial space, was significantly higher. In the animals receiving desmethylimipramine and tyramine, significant increases in heart rate and rate-pressure product were also found.
Following desmethylimipramine and tyramine, kc YNE/ysucrose, the norepinephrine capillary permeability surface product per unit sucrose interstitial space was found not to differ significantly from the control group, but the ratio of the interstitial space for norepinephrine to that for sucrose, yNE/ysucrose, and the unidirectional neuronal tracer norepineph- rine uptake rate constant per unit interstitial space for sucrose, k n YNE/YBUCTOW, were found to have decreased significantly (Table 1 ). The two drugs would both be expected to increase the concentration of norepinephrine in the interstitial space, although by differing mechanisms: desmethylimipramine inhibits the uptake of norepinephrine by sympathetic fibers (Hertting et al., 1961) , whereas tyramine releases norepinephrine from the fibers (Chidsey et al., 1962) . Their common effect undoubtedly explains why low values for yNE/yaucroee, decreased k« yNE/ysucrooe values, and decreased extractions were found in both of these groups of dogs. When the two groups of drug-treated animals were compared, the average k n YNE/YSUCTOM values and area extractions were lower for the desmethylimipramine-treated than the tyramine-treated animals, even though the average YNE/Y«UC™» ratios were the same (see Fig. 3 ).
When the data set from the whole group of animals (controls and those receiving either desmethylimipramine or tyramine) was considered, increases in the heart rate and rate pressure product were found to reflect directly decreases in YNE/ Ysucro« (Fig. 4) . We would infer that the increases in heart rate and rate pressure product, together with the simultaneous decrease in YNE/Ymjcro«, probably result from steady state interstitial accumulation of norepinephrine (which will progressively occupy more of the adrenergic receptors with both activation of adrenergic functions and reduction of the apparent space accessible to tracer norepinephrine). However, circulating aortic norepinephrine levels were found to con-elate poorly with YNE/Y«UCTO« values (Fig. 5) , indicating that, if our hypothesis is correct, input norepinephrine plasma values do not necessarily reflect the concentration of this sympathetic amine in the extracellular space of the myocardium. This lack of correlation demands an explanation. The presence of a barrier at the capillary membrane level to the diffusion of norepinephrine and of an efficient uptake of this hormone by extracellular sympathetic fibers results in a situation in which the concentration of norepinephrine in the extracellular space can be relatively independent of levels circulating in the vascular space. Changes in cardiac activity would then be expected to be related more closely with levels of norepinephrine in the interstitial space and changes in the norepinephrine:sucrose space ratio than with the levels of norepinephrine in the vascular space.
The problem which emerges is that of determining norepinephrine concentration in the interstitial space. The heart can both extract and produce norepinephrine, as shown by positive and negative arteriovenous concentration differences for catecholamines across the coronary circulation (Yamaguchi et al., 1975) . When there are identical values for plasma norepinephrine in both aortic and coronary sinus plasma, the net extraction is zero and the release of norepinephrine by the heart has balanced its uptake. Under these circumstances, the norepinephrine concentration would be expected to be the same in both the vascular and interstitial compartments. The concentration of 
FIGURE 4 Relation between change in heart rate and change in norepinephrine to sucrose interstitial space ratio (upperpanel), and between change in rate-pressure product and change in norepinephrine to sucrose interstitial space ratio (lower panel).
norepinephrine in the plasma space will then be a measure of the concentration in the interstitial space. We therefore have selected out from our data a subset (Table 2 ) corresponding approximately to this, one in which the extraction (positive or negative) of norepinephrine across the heart is of the order of one-third or less. In figure 6 , the relation between the norepinephrine:sucrose interstitial space ratio and the aortic (and capillary and interstitial) norepinephrine values is displayed. The expected systematic relation emerges. The space ratio is high at low interstitial norepinephrine concentra- tions and decreases systematically with increase in the interstitial norepinephrine concentration. The decrease in the norepinephrine:sucrose interstitial space ratio with increase in the norepinephrine concentration suggests that a saturation phenomenon is occurring, that the norepinephrine receptor is occupied to a proportionally greater degree at high norepinephrine concentrations. This phenomenon is ordinarily described by MichaelisMenten type kinetics (Goresky and Bach, in press) , by the description first applied to Langmuir adsorption isotherms (Langmuir, 1918) , or by an adaptation of the law of mass action. If we adopt the last approach, as it has been applied to ligand receptor interactions (Williams and Lefkowitz, 1978) , the following description can be developed to describe Figure 6 Type of experiment ( 1) where [Nr] is the concentration of free norepinephrine in the interstitial space, and [RNr] is the concentration of receptor bound norepinephrine. At equilibrium, as a consequence of the law of mass action (Hill, 1909) and K D were obtained. The fit to the data is illustrated in Figure 6 . The optimized values for [R t ] and KD were 0.547 ng of norepinephrine/mJ of interstitial space and 0.109 ng/rnl of norepinephrine, respectively.
TABLE 2 Individual Values for Optimized Parameters Derived by Best Fit Procedures (see Methods for Definition of Symbols) and for Circulating Norepinephrine Levels (NE) in Aorta and Coronary Sinus, for Points shown in
It is instructive to examine the data from Figure  5 which do not belong to the subset shown in Figure  6 . In Figure 7 , these (referred to as the second group) are compared to those illustrated in Figure  6 (referred to as the first group). In this second group, the average coronary sinus norepinephrine level was substantially lower than that in aortic plasma. The net situation was one of steady state norepinephrine extraction. This steady state norepinephrine extraction by the heart, on a comparative basis, would be expected to be the result of either increased uptake or decreased release of norepinephrine by sympathetic fibers. In contrast, the steady state extraction of epinephrine in the group with positive net cardiac norepinephrine extraction was found not to differ significantly from that in the group with no net norepinephrine extraction. The handling of this essentially external probe, released by the adrenal medulla, was the same in the two groups. Hence we can fairly safely say that the observed increased net norepinephrine extraction in the second group was due to a lower rate of release of norepinephrine by the cardiac sympathetic fibers. A lower concentration of norepinephrine in the interstitial space in the group of dogs with net positive norepinephrine extraction would explain the significantly higher norepinephrine :su- 
FIGURE 7
Comparison between the group with a small net arteriouenous norepinephrine extraction across the heart (the first group, the group shown in Fig. 6 ) and that in which there was a substantial positive net norepinephrine extraction across the heart (the second group).
by on April 17, 2008 circres.ahajournals.org Downloaded from Figure 5 not shown in Figure 6 Rate-pressure Area exk* y^rVywucnmt k* ynrjywcxm: Heart rate product x 10" crose interstitial space ratio and the significantly lower values found for heart rate and rate-pressure product, in comparison with the values for the group with no net norepinephrine extraction (Table  3) . Circulating epinephrine levels were significantly higher in the group with positive cardiac norepinephrine extractions than in the group with no extraction (indicating a higher level of adrenal medullary activity in the former).
TABLE 3 Mean Values for Optimized Parameters Derived by Best Fit Procedures (see Methods for Definition of Symbols) and for Hemodynamic Parameters in the Group of Dogs with no Significant Norepinephrine Extraction by the Heart, shown in Figure 6 (the First Group), and in the Group of Dogs with a Positive Net Norepinephrine Extraction (the Second Group), Corresponding to the Points in
The findings indicate that the interstitial norepinephrine:sucrose space ratio provides a better index of events at the level of the adrenergic receptors than circulating plasma norepinephrine levels.
Discussion
The multiple indicator dilution technique provides a parameter, the tracer norepinephrine sucrose interstitial space ratio, which appears to be a good index of the state of occupancy of the adrenergic receptors in the interstitial space of the heart. In our exploration of this phenomenon, we used desmethylimiprarnine and tyramine to increase the systemic and local norepinephrine concentrations and found that, although the capillary permeability to norepinephrine remained unchanged, the tracer norepinephrine: sucrose space ratio was reduced. This common effect was thought probably to be due to a steady state accumulation of norepinephrine in the interstitial space. The tracer data showed that desmethylimiprarnine lowered the unidirectional neuronal uptake of tracer norepinephrine to a greater extent than tyramine [as would be expected for a compound acting primarily as an inhibitor of the catecholamine uptake (Hertting et al., 1961) ]. These studies also demonstrated the ability of the multiple indicator dilution technique to quantify simultaneously the kinetics of transcapillary exchange in the heart, tracer norepinephrine binding to receptor sites in the interstitial space, and the rate of neuronal uptake of tracer.
Heart rate and rate-pressure product have been shown to be good indices of cardiovascular sympathetic activity (Yamaguchi et al., 1975; Cousineau et al., 1977) and, in our study, the excellent correlations between increase in heart rate or rate-pressure product with decrease in cardiac tracer norepinephrine: sucrose interstitial space ratio, for the whole set of studies, suggested that the lowering of the space ratio could be secondary to an increased occupancy of adrenergic receptor sites. However, arterial plasma concentrations of norepinephrine showed no systematic relation to the tracer norepinephrine: sucrose interstitial space ratio. These resulta were not surprising, since we had shown, on the basis of numerical parameters obtained in a previous study (Cousineau et al., 1980) that, in the absence of release of norepinephrine by sympathetic fibers, the steady state insterstitial concentration of this amine would be predicted to be as low as 15% of the concomitant plasma concentration. The relative values will be expected to change, however, both with the local release of norepinephrine in the interstitial space by sympathetic fibers and with change in the levels of norepinephrine in the vascular space as a result of release from extramyocardial stores. When adrenal activity is high relative to liberation of norepinephrine by peripheral sympathetic activation, the interstitial values for norepinephrine will be expected to be relatively low, in relation to intravascular concentrations. In some of our animals, adrenal activity was elevated, as indicated by high circulating epinephrine levels, and the rate of liberation of norepinephrine by sympathetic fibers in the interstitial space of the heart was small, as suggested by substantial net extractions of norepinephrine across the heart. In this group of animals, high levels of circulating catecholamines in aortic plasma were found to be related to high values of the interstitial norepinephrine : sucrose space ratios, and the concomitant values of heart rate and rate-pressure product were relatively low. This would suggest the presence in these animals of low levels of catecholamines in the interstitial space relative to their concentration in the vascular space, and would explain the poor relation between arterial plasma norepinephrine levels and the tracer norepinephrine:sucrose interstitial space ratio.
When the sympathetic fibers liberate more norepinephrine in the interstitial space of the heart, the ratio of the concentration of norepinephrine in the interstitial space relative to the levels in the vascular space will be higher, and when the release of norepinephrine by the fibers matches uptake, the ratio will be unity. Identical values of circulating norepinephrine in the aorta and the coronary sinus indicate that the myocardium is releasing into the vascular space the same amount of norepinephrine as it extracts and, under these conditions, steady state norepinephrine levels in the vascular and extracellular compartments will be the same. In the data gathered under circumstances corresponding to this, the tracer norepinephrine-to-sucrose space ratio varied inversely with the vascular norepinephrine levels, the greater occupancy of adrenergic receptors by endogenous norepinephrine at higher levels limiting access of tracer norepinephrine to the binding sites.
The mathematical formulations used in our study for the calculation of the total number of adrenergic receptors in the interstitial space of the heart and their dissociation constant for norepinephrine have classically been derived from the mass action law or from the Michaelis-Menten analysis of enzyme substrate kinetics. These equations have been applied successfully to the analysis of binding data from in vitro studies utilizing radioactive adrenergic ligands (Williams and Lefkowitz, 1978) . In our study, we found a total receptor density for norepinephrine equivalent to 0.547 ng/ml of interstitial space. The accessible extracellular space for sucrose is 0.084 ml/g of heart (Ziegler and Goresky, 1971b) and, since norepinephrine can be considered to occupy the same volume distribution as sucrose, the value corresponds to a density of binding sites of 0.046 ng/g heart or 271 frnol/g. If we assume that the sarcolemmal surface area in the heart is equal to 4200 cm 2 of membrane/g of heart (Tancredi et al., 1975) , then there is one receptor molecule for each two square microns of sarcolemmal membrane. The specificity of the in vivo tracer norepinephrine binding is not clear. It may correspond to binding to both /? and a adrenergic receptors (Guicheney et al., 1978; Rand et al., 1980) . In this connection, it is of interest that extrapolation from in vitro binding sites (Mukherjee et al., 1979) provide an estimate for fi receptor density somewhat lower but of the same order of magnitude as the in vivo estimate.
When the tracer norepinephrine:sucrose interstitial space ratio approached unity, indicating a nearly maximal occupation of interstitial adrenergic receptor sites, the cardiac sympathetic activity, as demonstrated by high values for heart rate and rate-pressure product, was very intense. The aortic norepinephrine concentrations encountered during this potent activation were between 1.5 and 3 ng/ ml. Similar values of circulating catecholamines have been found in humans during severe and sustained maximal exercise and, under these conditions, the concentrations of catecholamines were found to be identical in aorta and coronary sinus (Cousineau et al., 1977) . The approach of the tracer norepinephrine:sucrose space ratio to unity at high concentrations of the agonist, norepinephrine, which are still in the physiologically relevant range, indicates that nonspecific binding of norepinephrine is not likely to be present. Nonspecific binding in our experiments would appear as binding not related to occupancy of adrenergic receptors and, if this were important, the space ratio value would always be greater than one even with maximal sympathetic stimulation. Although binding by tyramine to adrenergic receptor sites could have lowered the tracer norepinephrine: sucrose space ratio in the tyramine experiments, this effect was probably small in comparison with that of the tyramineprovoked massive release of endogenous norepinephrine into the interstitial space and, in any case, the trend of the relation between arterial norepinephrine values and the tracer norepinephrine: sucrose space ratio in control animals (which did not receive tyramine) in Figure 6 indicates that, in the non-extraction regime, arterial norepinephrine values above 1.5 ng/mg would have been expected to be related to values of the tracer norepinephrine: sucrose space ratio approaching unity. Transit time effects also bear consideration. Sixty seconds after the injection of tyramine in a coronary artery, it is probable that little of the amine is present in the interstitial space [the mean transit time for an interstitial space label in the heart is of the order of 20 seconds (Ziegler and Goresky, 1971a) ]. It is thus likely that the reduction in the tracer norepinephrine: sucrose space ratio after tyramine is due mostly to the release of norepinephrine by local sympathetic fibers, after the intracoronary injection of tyramine.
In our study, the equilibrium dissociation constant K D of norepinephrine for the adrenergic binding sites was 0.109 ng/ml or 0.64 nM. The L-isomer of norepinephrine, the naturally occurring isomer, has a higher affinity in vitro for adrenergic receptors than the D form (Mukherjee et al., 1974) and so the value found for the dissociation constant K D in our study with the D,L-form of norepinephrine is potentially an overestimate, in terms of the endogenously occurring L-norepinephrine. The KD concentration of 0.109 ng/ml of circulating norepinephrine approximates the plasma levels measured at rest in man (Cousineau et aL, 1978; Robertson et al., 1979) . In view of our observations, it is likely that, at rest, with low levels of cardiac sympathetic activity, there will be a net extraction of norepinephrine, and the interstitial space norepinephrine concentration will be substantially lower than the plasma concentration. In this situation, the KD will correspond to the physiological midrange of interstitial norepinephrine concentrations and, from this point of view, the value of 0.109 ng/ml for the adrenergic binding sites appears reasonable. It will allow for a fine tuned degree of response, over the physiological range.
The K D value for norepinephrine binding to cardiac adrenergic binding sites in our study, 0.64 nM, is lower, rather than higher, than the values for the K D for dihydroalprenolol measured in vitro [values of 7 nM (Mukherjee et al., 1979 ) and 3 nM (Baker and Potter, 1980) ]. Since dihydroalprenolol has been found in the in vitro measurement to have a higher affinity (that is, a lower KD) than norepinephrine (Mukherjee et al., 1974) , it is not surprising that the in vitro KD for norepinephrine in the heart has been found to range from 1200 to 2400 nM (Baker and Potter, 1980) . There is thus a large disparity between the in vitro and in vivo KD estimates. The in vivo data, with their correspondence between binding and physiological effects, indicate that the important physiological site on the receptor is one with a high affinity (that is, a low KD) for norepinephrine. In the in vivo situation, the integrity of the huge neuronal pool of norepinephrine is maintained; the bulk of it is confined and separated from the interstitial space. In the in vitro situation, the question which comes up is whether neuronal terminals and the adjacent sarcolemmal surface with its contained receptors separate together during membrane isolation, and whether a small part of the neuronal norepinephrine pool is released during the binding measurement, to saturate the low KD receptor. At this time, it appears impossible either to appraise this possibility or to explain satisfactorily the in vitro results, in terms of physiological function.
The results from our in vivo studies appear to provide a consistent and satisfying picture of adrenergic receptor function, one in which the receptor is separated from the plasma by a barrier at the level of the capillary and in which its KD or equilibrium dissociation constant is in the midrange of the norepinephrine concentrations ordinarily encountered in the interstitial space, so that an excellent correlation emerges between receptor occupancy and cardiac sympathetic effects.
